Assessing mortality of long-lived organisms is fundamental for understanding population trends and for implementing conservation strategies, but doing so for marine megafauna is challenging. Here we assessed anthropogenic mortality of endangered North Pacific loggerhead turtles in the coastal waters of Baja California Sur, Mexico (BCS), through the synthesis of 3 sources: (1) intensive surveys of an index shoreline from 2003 to 2007; (2) bimonthly surveys of additional shorelines and towns for stranded and consumed carcasses from 2006 to 2007; and (3) observations of bycatch by 2 small-scale fishing fleets. Using Monte Carlo simulations we estimate that 1500 to 2950 loggerhead turtles died per year at BCS from 2005 to 2006 due to bycatch in the 2 observed fleets.
INTRODUCTION
Marine megafauna, including predatory fish, seabirds, marine mammals, and sea turtles, have declined worldwide due to anthropogenic threats such as overfishing, bycatch, infectious disease, and habitat loss (Jackson et al. 2001 , Myers & Worm 2003 , Aguirre & Tabor 2004 , Lewison et al. 2004a ). Many of these declines result from reduced survival rates, and deter-mining these rates is important for understanding population trends and for developing and implementing conservation strategies (NRC 1995 , Morris & Doak 2002 . However, assessing survivorship during the oceanic life stages of marine megafauna populations is notoriously difficult due to their oceanwide distributions, generally low densities, and the resulting challenges of direct observation. The demography of seabirds and sea turtles, for instance, is fairly well understood during nesting, but relatively little is known about their oceanic life stages and developmental migrations. Elucidating these life stages is a conservation priority (NRC 1990 , NMFS 2007 .
Developmental migrations that last decades and take juvenile North Pacific loggerhead turtles from their Japanese rookeries as far as Mexico (Bowen et al. 1995 , Nichols 2003 have precluded understanding the dynamics of the population. Censuses of Japanese rookeries showed declines in nesting females as high as 90% within the past 3 generations to fewer than 1000 yr -1 , qualifying the population for critically endangered status (Kamezaki et al. 2003) . Nesting abundance throughout the Japanese archipelago has fluctuated at historically low levels over the past 2 decades, exhibiting a quasi-cyclic trend that may be environmentally induced (Chaloupka et al. 2008, N. Kamezaki et al. unpubl. data) .
Where they aggregate at foraging grounds in the central North Pacific, juvenile loggerheads are exposed to high levels of bycatch mortality in industrial USA and international longlines, and also in illegal, unreported and unregulated (IUU) longline fisheries (Wetherall et al. 1993 , Polovina et al. 2003 , Lewison et al. 2004b ). But many juvenile and subadult loggerhead turtles also aggregate in large numbers off the Pacific coast of Baja California Sur, Mexico (BCS), presumably to forage until they reach maturity and migrate back to Japan to reproduce (Ramirez-Cruz et al. 1991 , Nichols 2003 . At BCS, small-scale fisheries have been shown to cause high levels of loggerhead mortality (Gardner & Nichols 2001 , Koch et al. 2006 , Peckham et al. 2007a ).
In addition to incidental bycatch and natural factors such as predation and disease, in northwestern Mexico sea turtles are killed for human consumption, despite a federal ban on turtle hunting and trade (Gardner & Nichols 2001 , Nichols 2003 . As observed in the case of cetacean wildmeat (Millner-Gulland et al. 2003 , Clapham & Van Waerebeek 2007 , turtle bycatch fuels both local consumption and black market trade in BCS. Sea turtles caught accidentally and retrieved dead are usually discarded; generally only live turtles are retained for personal consumption or black market sale (Nichols 2003) . Turtles are also directly hunted for personal consumption or black market sale (Nichols & Safina 2004) . Human consumption is an important source of mortality for loggerhead turtles at BCS (Koch et al. 2006) , despite associated human health risks (Aguirre et al. 2006) .
Large numbers of loggerhead carcasses stranded each summer at BCS have been attributed to bycatch in local fisheries, but it was not possible to directly link strandings to bycatch mortality because turtle carcasses rarely show evidence of fisheries interactions (Gardner & Nichols 2001 , Koch et al. 2006 . Observations of small-scale fisheries at BCS uncovered a strong correspondence between the seasonality of loggerhead turtle bycatch and strandings from 2003 to 2005, revealing that a large proportion of strandings result from local fisheries bycatch (Peckham et al. 2007a) .
Assessing mortality of oceanic species is notoriously difficult. Mortality rates have been inferred from telemetry observations, but these are limited to tracked animals, resulting in generally small sample sizes due to high costs (Hays et al. 2003 , Block et al. 2005 . Shoreline and town surveys for stranded and consumed carcasses can provide mortality data for species that frequent nearshore waters, but these severely underestimate overall mortality because (1) surveys are usually limited to a small fraction of coastlines and (2) the majority of turtles that die at sea either naturally or due to bycatch do not strand (Epperly et al. 1996 , Hart et al. 2006 , Leeney et al. 2008 , Tomás et al. 2008 .
As with terrestrial wildmeat (or bushmeat) consumption, assessment of turtle consumption and black market trade through carcass surveys severely underestimates this important mortality source because carcasses may be discarded at sea or in unpopulated areas, and live turtles are exported to distant markets (Millner-Gulland et al. 2003 , Brashares et al. 2004 , Koch et al. 2006 . Observations of fisheries bycatch also provide mortality data, but these are limited to the small proportion of vessels that can be observed.
Here, we integrated 3 different approaches to assess anthropogenic mortality of loggerhead turtles at BCS, Mexico. Following Koch et al. (2006) and extending results reported in Peckham et al. (2007a) by 2 more years we quantified (1) strandings of loggerhead turtles at an index shoreline from 2003 to 2007; (2) strandings of turtles at 12 other shorelines in the BCS region; (3) carcasses from surveys of 21 towns and fish camps plus their dumpsites; and (4) annual mortality rates of turtles taken as bycatch by 2 small-scale fishing fleets observed from 2005 to 2007. Based on these data, we estimated annual loggerhead mortality in regional small-scale fisheries, exclusive of mortality due to bycatch in additional fisheries, hunting, and natural factors including predation and disease.
MATERIALS AND METHODS

Study area.
Our study area extended along the Pacific coast of Baja California Sur, Mexico, from the Vizcaino Peninsula (27°50' N, 115°05' W) to Bahía Magdalena (24°30' N, 112°00' W; Fig. 1 ). The Bight of Ulloa (Fig. 1) is an important high-use area for loggerhead turtles (Ramirez-Cruz et al. 1991 , Peckham et al. 2007a ) and loggerhead turtles also occur irregularly in the waters of the Sea of Cortez (Nichols 2003 , Seminoff et al. 2004 .
Sampling. Bycatch observations: We accompanied fishing crews of Puerto López Mateos BCS on 21 daytrips using bottom-set gillnets from 23 July to 11 August 2006 and 6 August to 4 September 2007. The observed trips were made opportunistically and resulted in 18 trips observed in deep areas (32 to 45 m depths). Day trips consisted of a single haul of each net each between 06:00 and 14:00 h Pacific Standard time (PST). Fishers worked from 6 to 8 m outboard-powered skiffs and targeted primarily California halibut Paralichthys californicus, using 20.3 cm stretched mesh monofilament gillnets of 100 to 200 m length and 3 to 6 m height. We interviewed 2 master fishermen from Puerto Lopez Mateos to assess the effort of the local gillnet fleet in terms of ranges of the number of boats fishing d -1 and days fished yr -1 .
On 16 August 2006, we made 1 daylong bottom-set longline trip with a fishing crew from Santa Rosa, BCS, during which 236 hooks were checked and baited. Longlines targeted demersal fish and were anchored in 85 to 105 m depths and checked daily. Fishers used freshly caught mackerel or bycaught tuna or marlin for bait on 'Japanese J-hooks' with inflected shanks or 14/0 circle hooks. We interviewed the president of the Santa Rosa fishing cooperative to assess the effort of the longline fleet.
In both fleets we recorded the number, species, condition, and measurements of sea turtles captured. For both fleets, fishing and observations were conducted exactly as in Peckham et al. (2007a) in order to pool and analyze data.
Estimating annual bycatch: To extrapolate the range of annual loggerhead bycatch in the 2 observed fleets we combined observed bycatch and mortality rates with reported fishing effort levels for each fleet, and used Monte Carlo simulations to incorporate all known sources of uncertainty in our data. Specifically, we developed a simple iterative model that allowed for random variation in 4 different parameters: (1) the number of fishing days season -1 ; (2) the number of boats fishing d -1 ; (3) the bycatch rate (turtles caught boat -1 fishing d -1 ); and (4) the mortality rate of bycaught turtles. For the first 2 variables we utilized the range of values reported by master fishermen to set upper and lower bounds and assumed that variation could be modeled by uniform random numbers drawn from within these ranges. For the daily bycatch rate, we pooled the bycatch observations reported here with those from the same fleets in 2005 (Peckham et al. 2007a ), for gillnet (n = 35) and long-line trips (n = 8) to fit probability distributions, and for each iteration of the model we drew numbers randomly from the appropriate distribution. For this step we first evaluated 5 alternative probability distributions: 2 continuous (normal and log-normal) and 3 discreet (binomial, poisson and negative binomial). Based on a comparison of Akaike's information criterion (AIC) values (Hilborn & Mangel 1997) , the negative binomial provided the best fit to bycatch data for both fleets (Fig. 2 ). For the parameter representing probability that a bycaught turtle would be killed, we fitted binomial distributions to our raw data on bycatch mortality rates and used these fitted distributions to generate random per-day mortality rates. For parameter estimates and distributions used for model simulations see Table 2 . We ran the Monte Carlo model for 100 000 iterations for both fleets; every iteration simulated bycatch and mortality of turtles over 1 fishing season. The result was a frequency distribution of seasonal loggerhead bycatch and mortality estimates from which we calculated 95% confidence limits (CL 95 ). Finally, we combined the estimates to arrive at the total projected annual loggerhead bycatch mortality for the 2 observed fleets. Overall we surveyed 344 km of shoreline, representing 15% of thẽ 2200 km BCS coast. We also monitored sea turtle mortality in 21 towns and fish camps plus their dumpsites, representing 20 to 25% of all coastal communities in BCS ( Fig. 1 ).
All turtle carcasses encountered were identified, measured, and marked to avoid recounts. Data recorded on each stranded carcass included observer name, stranding date, species, turtle number by day, location, curved carapace length and width (CCL and CCW, respectively), tag numbers (if present), sex of carcass (when externally obvious), condition of carcass (decomposition state), cause of death (if possible) and observer notes. CCL was taken from the nuchal notch to the posterior marginal tip. CCW was taken at the widest part of the shell.
Human consumption of loggerheads. Based on surveys of towns and dumps we determined minimum annual levels of turtle consumption in BCS coastal communities. We assumed that the majority of turtles consumed locally were caught as bycatch and thus did not add observed consumption to bycatch in calculating overall mortality.
Due to the clandestine nature of black market trade for sea turtles and the fact that trafficked turtles are often exported from the region alive (Nichols 2003 , Koch et al. 2006 ), we could not assess mortality due to hunting. Thus our minimum estimate of anthropogenic mortality for loggerheads in the region was limited to bycatch in the 2 observed fleets and resulting consumption, exclusive of anthropogenic mortality due to hunting and natural mortality due to predation, disease and other natural factors.
Length frequency analysis. We constructed length frequency distributions for loggerhead turtles and estimated the percentage of adults. Length at maturity in females is close to average nesting length in loggerhead sea turtles (Frazer & Ehrhart 1985 , Hatase et al. 2004 ) and we used the average size of Japanese nesters as an approximation of length at maturity: 91 cm (CCL) (Kamezaki et al. 1995 , Hatase et al. 2004 .
We compared the length distribution of stranded loggerhead turtles during the 5 yr of our study with data from 1995 (Nichols 2003), 1999 (Gardner & Nichols 2001) , and 2000 to 2002 (Koch et al. 2006 ) collected at Playa San Lázaro and the adjacent Playa Santa Maria using the same protocol. Straight carapace lengths (SCL) collected in prior studies were converted to CCL by using the conversion equation
(1) derived from turtles measured locally (N = 163, r 2 = 0.93, p < 0.001). After conversions were completed, all CCL data were rounded to the nearest cm. The increasing trend in average length of stranded loggerheads from 1995 to 2003 described by Koch et al. (2006) was re-analyzed through 2007 to account for the difference between years in the number of turtles recorded. To ensure that the observed increase in length over time was not a result of differences in sample size or variance, we also analyzed the trend using both mean and median values for each year.
Analyses were conducted using SYSTAT 12 (Systat Software), with the exception of the Monte Carlo simulations, which were coded and run using MATLAB (Mathworks). Unless otherwise stated, results are presented as mean ± SD and intervals represent either absolute ranges or, when denoted as 'CL 95 ,' the 95% confidence limits. (Table 1) . Across all depths, 0.37 loggerheads were caught km -1 gillnet; in waters deeper than 32 m, 1.04 loggerheads were caught km -1 gillnet. Loggerheads retrieved from gillnets were large juveniles (73.3 ± 8.6 cm CCL) and showed no signs of fisheries interaction.
RESULTS
Observed bycatch mortality
The 2 Twenty-one loggerheads were caught during the single longline day-trip observed in 2006, and fishers reported that this number was not unusual; 4 other boats that fished the same day caught similar numbers of loggerheads (A. Gaos pers. obs.). Pooling these new data with results from Peckham et al. (2007a), we observed 48 loggerheads during 8 longline day-trips (total 1636 hooks), resulting in a bycatch rate of 29.3 loggerheads 1000 hook -1 . Loggerheads were caught on all observed longline day-trips (6.0 ± 2.3 loggerheads boat -1 d -1 mean ± SE; Table 1 ). Of these loggerheads, 90% were landed dead or died shortly thereafter. Loggerheads caught in bottomset longlines were large juveniles (77.7 ± 6.2 cm CCL) and showed no morphological evidence of longline interaction. 
Estimated loggerhead bycatch
For the gillnet fleet, because bycatch was highly dependent on fishing depth, we limited our analysis to day-trips conducted in depths greater than 32 m. Based on the Monte Carlo simulations, mean estimated bycatch rate in bottom-set gillnets for 2005 to 2007 was 0.8 ± 1.29 turtles caught boat -1 d -1 (CL 95 = 0 to 5), or 830 ± 102 turtles season -1 . For bycaught turtles, the probability of mortality was 68% (CL 95 = 48 to 84%; Table 2 ). The mean estimated seasonal mortality for turtles in the Puerto Lopez Mateos gillnet fleet for 2005 through 2007 was 547 loggerheads yr -1 (CL 95 = 356 to 777; Fig. 3 ).
For the bottom-set longline fishery, the mean estimated bycatch rate for 2005 to 2006 was 5.9 ± 5.35 tur- Uniform Min = 5, Max = 8 n/a n/a Turtles d -1
Neg. binomial R = 1.516, p = 0.205 5.9 ± 5.35 0-20 % mortality Binomial p = 0.89 89% 77-96% Fig. 3 ). These estimates result in a total projected bycatch mortality of 2182 loggerheads yr -1 (CL 95 = 1516 to 2951) for both fleets combined. (Table 3) . Stranded carcasses at Playa San Lázaro from 2003 to 2007 were encountered at mean rates of 0.15 loggerheads km -1 d -1 annually and 0.25 loggerheads km -1 d -1 from May to September. Most of the stranded turtles (95%) for which data were collected were in moderately to very decomposed condition. Eighty-five turtles (4.2%) stranded in fresh condition, and 9 stranded alive. Fourteen stranded carcasses showed evidence of fisheries interactions, evidenced by hooks or entanglement in fishing gear. Nine of 1918 (0.5%) carcasses measured had a CCL of 91cm or greater.
Shoreline and town mortality surveys
Fewer carcasses (277) 2003  7  11  5  5  68  75  73  92  36  14  7  1  394  344  2004  4  2  4  4  7  31  55  37  8  42  23  3  220  138  2005  8  3  18  11  27  46  33  149  44  15  12  2  368  299  2006  4  2  1  2  2  19  84  243  145  352  76  11  941  493  2007  6  14  2  4  15  30  134  119  102  16  16  4  462  400  Mean 6  6  6  5  24  40  76  128  67  88  27  4 477 335 (2003), Gardner & Nichols (2001) and Koch et al. (2006) , respectively
December 2007, yielding a 2 yr mean of 28.5 loggerheads consumed yr -1 . All carcasses encountered in towns, fish camps, and surrounding dumps showed signs of human consumption (e.g. cuts, burns, harpoon holes). An anomalous mass-stranding event occurred from August to November 2006, during which 816 loggerhead carcasses were encountered at Playa San Lázaro (Table 3) . During 19 to 21 October 2006, tissues were collected from 56 turtles in various states of decomposition. Full necropsies were conducted on 12 individuals stranded in fresh condition. Several bacteria were isolated from these specimens but no common disease condition could explain the stranding event (A. Aguirre & H. M. Zepeda unpubl. data).
Length distribution of loggerhead carcasses
Length frequency histograms showed that all but 9 stranded loggerhead carcasses were of juvenile size (71.8 ± 9.2 cm CCL, N = 1918; Fig. 4 ). The length of stranded loggerhead carcasses increased significantly from 1995 to 2007 (N = 2636, r 2 = 0.847, p < 0.0001; Fig. 5 ). The proportion of juvenile turtles < 50 cm CCL decreased precipitously over the same period (Table 4) .
DISCUSSION
Many juvenile loggerhead turtles die at BCS each year. Based on (1) Actual anthropogenic mortality due to bycatch in additional small-and industrial-scale fleets and hunting, which we could not assess in this study, is likely to be considerably higher. This human-caused mortality is additive to natural mortality, including disease and predation, the rates of which are currently unknown.
Bycatch mortality
The minimum annual bycatch estimate (1500 loggerheads yr -1 ) for 2005 to 2006 in the 2 small-scale fleets observed represents an increase from the previously reported estimate (1000 loggerheads yr -1 ), which was based only on observations conducted in 2005 (Peckham et al. 2007a) . New data collected in 2006 and 2007 resulted in more comprehensive observations of bottom-set fisheries, augmenting the confidence of our estimate of annual bycatch mortality for the 2 fleets we evaluated. Furthermore, our modeling approach more rigorously accounts for all sources of uncertainty, including sampling error (or observer error), the estimation error associated with fitting of probability distributions, and the process error inherent in stochastic rates of bycatch and mortality. Thus, the lower 95% confidence limit (1516 loggerheads killed yr -1 ) represents a very conservative estimate of actual mortality.
The observed bycatch rates of small-scale longlines (29 loggerheads 1000 hooks -1 ) and gillnets (1.04 loggerheads km -1 gillnet; Table 2 ) are orders of magnitude higher than industrial bycatch rates reviewed in Peckham et al. (2007a) . We attribute the perennially Year Curved carapace length (cm) Fig. 5 . Caretta caretta. Distribution and mean length (solid line) of carcasses measured from the study area 1995 to 2007. Data from 1995 , 1999 , and 2000 to 2002 were taken from Nichols (2003 , Gardner & Nichols (2001) and Koch et al. (2006) , respectively high bycatch and stranding rates described here to the overlap of locally intense small-scale fisheries with the very high local abundance of loggerheads (Seminoff et al. 2006 , Peckham et al. 2007a ). All bycatch of loggerheads in gillnets occurred in nets set in waters deeper than 32 m, corresponding to the inshore margin of the loggerhead high use area described in Peckham et al. (2007a) . Moreover, the high bycatch rates of the Santa Rosa longline fleet were observed in depths greater than 85 m, 10 to 20 km further offshore from the gillnet deep fishing grounds, in the core of the loggerhead high use area (Peckham et al. 2007a ). These unusually high bycatch rates are corroborated by what are apparently the highest strandings rates reported worldwide. Our new results emphasize that where high-use areas of small-scale fisheries and megafauna overlap, very high rates of bycatch can ensue that may jeopardize the persistence of vulnerable or endangered megafauna populations. Loggerhead bycatch mortality for the region is likely to be considerably higher than the range we estimated because our assessment included just 2 of 12 or more fleets that fish at BCS. As is typical worldwide, assessment of bycatch in small-scale fisheries is extremely difficult, because (1) hundreds of boats work along the isolated 700 km coastline that borders the BCS loggerhead high use area; (2) space for observers is limited on small boats; (3) fishers are versatile and switch methods, gear and fishing areas rapidly and frequently to maximize landings; and (4) fishers may fear that bycatch observations are not in their best interests and thus may alter their behavior when observers are aboard.
For these reasons our observations were limited to just 2 fleets, but additional fleets operated from other communities that border the loggerhead high use area described in Peckham et al. (2007a) . The fishing location and methods of these fleets suggests that they are also likely to catch considerable numbers of loggerheads. Furthermore, migrant fishers from mainland Mexico based at temporary camps along the same coastline fished bottom-set longlines and gillnets in the loggerhead high-use area, resulting in additional bycatch mortality (A. Gaos pers. obs.). Without direct observation we could not determine the bycatch of these boats due to the high variability of bycatch rates depending on gear and depths fished. However, given the bycatch rates above we estimate that their fishing could not have caused fewer than 75 additional loggerhead mortalities yr -1 and could have caused considerably more mortalities.
There are few records of industrial fisheries bycatch in the region. Class 6 tuna purse seiners that fish the region with 100% observer coverage have close to zero loggerhead bycatch (IATTC 2008) . Smaller seiners known to work in the region are not observed comprehensively so bycatch rates are unavailable (M. Hall pers. comm.). Industrial shrimp vessels operate well inshore of the loggerhead hotspot (J. Lucero pers. comm.) Industrial longline vessels that fish the region with an order of magnitude more hooks per set may also cause high levels of bycatch.
Shoreline mortality surveys
The 2658 stranded loggerhead carcasses recorded from 2003 to 2007 represent a small fraction of all loggerheads that died naturally or were discarded by fishers in nearby waters because (1) our surveys were limited to just 15% of the BCS coastline and (2) only a small proportion of carcasses discarded are likely to have stranded. In the Northwest Atlantic, an upper limit of ~15 to 20% of loggerhead carcasses discarded at sea washed ashore locally, and the probability of stranding declined sharply with distance from shore (Epperly et al. 1996 , Hart et al. 2006 . The average of 600 carcasses that stranded at BCS yr -1 corroborate the high bycatch rates observed and overall mortality extrapolated in this study, yet represent only a small proportion of local mortality.
A comparison of stranding rates is problematic because they are extremely sensitive to survey frequency. Nonetheless, the sustained annual stranding rate we directly observed at Playa San Lázaro (0.15 loggerheads km -1 d -1 over 5 yr) is among the highest reported worldwide. By contrast, an estimated 90 000 olive ridley carcasses stranded along the 480 km coast of Orissa, India, over 10 consecutive summers, yielding an overall mean stranding rate of 0.1 turtles km -1 d -1 (Pandav 2000, Shanker et al. 2004 ). In the USA, strandings are most frequent along the Atlantic coast of Florida. Along the 933 km Atlantic coast of Florida, 483 ± 129 loggerheads yr -1 stranded from 1998 to 2002, yielding a stranding rate of 0.001 loggerheads km -1 d -1 (STSSN 2007) .
Cause of death of stranded carcasses was undetermined because (1) the majority were very decomposed and (2) unlike other megafauna, such as marine mammals, turtle carcasses discarded from gillnets and longlines in this study showed no signs of fisheries interaction. Peckham et al. (2007a) attributed the majority of seasonally high stranding rates to local small-scale fisheries bycatch, and the 2006 and 2007 strandings and bycatch data reported here add further support to this conclusion.
The cause of the mass-stranding event that occurred from August to October 2006 (Table 3) was not clear. Fishermen reported dead and dying turtles 35 to 55 km from shore (V. de la Toba pers. comm.). Red tides were also reported during the fall of 2006 (I. Romero Aguilar pers. comm.), but these are not unusual in the region. The small-scale fleets documented here could not have been responsible for the mortality after mid-September because by early September they had switched from bottom-set fishing in the loggerhead high-use area to near-shore fisheries that do not affect loggerheads. Several industrial longline vessels were operating in the loggerhead high-use area during aerial surveys conducted in September 2006 (J. Seminoff pers. comm.). Given the high bycatch per unit of effort (BPUE) of small-scale longlines (29 loggerheads 1000 hooks -1 ) and gillnets (1.0 loggerheads km -1 gillnet) observed in this study, a handful of industrial scale vessels setting thousands of hooks or tens of km of gillnet d -1 within the loggerhead high-use area could explain the anomalous stranding event.
Alternatively, anomalous mass-stranding events have been attributed to disease or harmful algal blooms, but none have shown the magnitude of strandings observed at Playa San Lázaro (Jacobson et al. 2006 ). Necropsies conducted on 12 carcasses stranded in fresh condition during the event revealed no common cause of death, but almost all carcasses stranded during the event were severely decomposed, so the carcasses that arrived fresh may not have died in the area where most of the carcasses came from and may not have died of the same cause. Population-level effects of disease in sea turtles are poorly understood (Herbst & Jacobson 2003) and further research at BCS should focus on biotoxin exposure as a potential cause of death.
Mortality due to human consumption
The annual average of consumed carcasses we encountered in towns, fish camps and dumps was 28.5 and represents a minimum consumption level for the communities surveyed because (1) additional carcasses were undoubtedly discarded at sea or in the desert and (2) live turtles caught locally were exported for black market trade (Nichols 2003 , Koch et al. 2006 ). Residents of BCS prefer black turtles Chelonia mydas and olive ridley turtles Lepidochelys olivaceae over loggerheads for consumption and trade (Koch et al. 2006 ). However, loggerhead turtles are consumed more frequently in communities where they are commonly bycaught (e.g. Puerto López Mateos; Koch et al. 2006 ), a pattern that underscores the important relationship between bycatch and wildmeat consumption and trade worldwide (Clapham & Van Waerebeek 2007) . Accordingly, it is reasonable to suggest that the majority of loggerheads consumed locally were caught incidentally in fisheries targeting other species and are therefore represented in our bycatch mortality estimates.
Our results showed a decrease in carcasses found consumed in and around Puerto López Mateos from those reported in Koch et al. (2006) . However, increased awareness due to outreach and enforcement programs may also have caused people to conceal a higher proportion of consumed carcasses, contributing to underestimation of human consumption. As with terrestrial wildmeat (or bushmeat) consumption, assessment of turtle consumption and black market trade is particularly difficult and results in underestimation of this important population impact (Millner-Gulland et al. 2003, A. Mancini & V. Koch unpubl. data) .
Nichols (2003) reported that hundreds of loggerheads were annually exported from the region for black market trade in the 1990s. During this study, fishers reported informally that dozens of loggerheads are hunted from each of several communities in the region for black market trade each year. Accordingly, we conservatively estimated that no fewer than 50 loggerheads yr -1 were poached and exported during the study period on top of the 1500 to 2950 yr -1 killed due to local bycatch observations. Because poached turtles are invariably exported for sale, the carcasses of these 50 loggerheads yr -1 would not have been counted in the community surveys described above.
The fact that there were only dozens of loggerheads poached per year from each of several communities suggests that poaching levels have decreased since those reported by Nichols (2003) . Preliminary survey data also suggested decreases in poaching and sale of loggerheads in the region (S. Delgado unpubl. data). Though poaching for trade appears to have decreased and pales in comparison to bycatch mortality, at a minimum of 50 loggerheads yr -1 , it remains an important source of mortality for the endangered North Pacific population.
Our observations of turtle mortality due to human consumption are extremely conservative, and further research is essential for understanding its effects on the North Pacific loggerhead population. Molecular classification of wildmeat (Baker et al. 1996) and capture-recapture methods to estimate the number of individual animals taken (Baker et al. 2007 ) could be useful in the future.
Size distribution
The length distribution of stranded loggerhead carcasses increased significantly from 1995 to 2007 (Fig. 5 ). Because all samples were collected on adjacent Pacific beaches of Bahía Magdalena using the same protocol, differences found between years suggest trends in the local loggerhead population rather than sampling bias. Due to the decades-long matura-tion time of loggerheads, this increasing trend in turtle size may reflect both long-term declines in nesting described from Japan (Kamezaki et al. 2003) and also historically high bycatch of juvenile loggerheads in both high-seas driftnet (Wetherall et al. 1993 ) and longline fisheries (Lewison et al. 2004b ). The decreasing proportion of smaller juveniles at BCS, especially from 2000 to 2007 (Table 3) , could be related to sharp declines in nesting observed across all Japanese rookeries in the 1990s (Kamezaki et al. 2003 , Chaloupka et al. 2008 .
It is of great concern that almost all of the several thousand carcasses encountered from 2003 to 2007 were large juveniles because numerous studies have demonstrated the importance of the large juvenile size class to population growth in loggerhead turtles (Crouse et al. 1987 , Crowder et al. 1994 , Heppell et al. 2005 . The large size of bycaught and stranded loggerheads exacerbates concern over the high mortality observed at BCS because of the resulting severe loss of reproductive potential for the population.
Survivorship
There is not sufficient information about the demography and distribution of North Pacific loggerheads to allow for a formal assessment of survivorship for juvenile loggerheads at BCS. However, we can derive a rough understanding of relative mortality rates and their population-level impacts by synthesizing available North Pacific loggerhead data with demographic schedules from other loggerhead populations (Heppell et al. 2003 , Lewison et al. 2004a . Aerial surveys conducted over Pacific BCS waters resulted in estimates of from ~5000 to 15 000 sightable loggerheads in the region (Seminoff et al. 2006) .
Sightability of sea turtles during aerial surveys depends on the percent of time they spend at the surface. For loggerheads, published estimates of time spent at the surface range from 6 to 25% (Byles 1988 , Houghton et al. 2002 , Mansfield 2006 and surface time has been shown to vary significantly with water temperature, location and season (Mansfield 2006) . Preliminary dive data suggest that loggerheads at BCS spent 50 to 80% of their time at the surface during daylight hours (S. H. Peckham unpubl. data), a finding that is consistent with the observation that loggerheads bask at the surface in BCS waters for considerable periods of the day (Pitman 1990 , Ramirez-Cruz et al. 1991 , Nichols 2003 . These preliminary dive data from BCS thus suggest that the Seminoff et al. (2006) abundance estimate should be multiplied by a factor of 1.4 to 2. Accordingly, if we assume that ~7000 to 30 000 loggerhead turtles are in Pacific BCS waters, the annual mortality estimate (1500 to 2950 loggerheads yr -1 ) suggests that 5 to 42% of loggerheads in BCS waters may die annually due to bycatch in the observed fleets, exclusive of all other sources of mortality (i.e. mortality due to bycatch in other small-scale and industrial fleets, poaching for black market trade, and natural mortality including disease and predation).
The proportion of juvenile loggerheads in the North Pacific population represented by those exposed to mortality in BCS waters remains unknown. Assuming a stable stage distribution in the population based on annual nesting numbers of ~1500 females and a proportion of nesting-aged females of 1.8%, Lewison et al. (2004b) estimated a population size of ~335 000 loggerheads, ~67 000 of which would be larger juveniles. However, it is unlikely that the North Pacific loggerhead population meets the criteria of a stable age or stage distribution (Morris & Doak 2002) . Given the decrease in nesting numbers in recent decades (Kamezaki et al. 2003) , the historical depletion of larger juvenile loggerheads in high-sea driftnets (Wetherall et al. 1993) , the ongoing depletion in highsea longlines (Lewison et al. 2004b ) and other fisheries (Lewison & Crowder 2007) , plus the small-scale fisheries bycatch described here and in Peckham et al. (2007a) , it is likely that that the age distribution is highly skewed, with many fewer juveniles in the population than the 67 000 expected from a stable stage distribution. Estimates of loggerhead abundance in BCS waters from aerial surveys corrected for submergence time suggest that upwards of 50% of larger juvenile loggerheads in the North Pacific population may utilize BCS waters. We therefore conclude that the high levels of fishing-related mortality reported here for BCS waters could have a profound impact on the trajectory of the North Pacific loggerhead population.
CONCLUSIONS
There have been a number of conservation success stories reported recently for sea turtles around the world, with increasing population sizes reported at rookeries of green, olive ridley, and Kemp's ridley turtles (Hays 2004 , Broderick et al. 2006 , Seminoff & Shanker 2008 ). However, the mortality rates reported here highlight pressing conservation threats that remain for many sea turtle populations.
The highly productive waters of BCS have been revered for decades and recognized for centuries for the abundance and diversity of megafauna they attract (Steinbeck & Ricketts 1941 , Saenz-Arroyo et al. 2006 . With perennially abundant prey including pelagic red crabs, sardine and squid (Aurioles-Gamboa 1995), it is unsurprising that loggerhead turtles and fishers alike frequent these waters. The unfortunate overlap between foraging loggerheads and fishers results in what may be the highest known rates of turtle bycatch and strandings worldwide. Given that estimated loggerhead mortality due to bycatch in 2 fleets observed at BCS exceeds 1500 loggerheads yr -1 , we conclude that reduction of this mortality may be essential for the persistence and recovery of the North Pacific population. Consistent decreases in small juvenile loggerheads foraging at BCS suggest that a decline in neophytes nesting in Japan that originated from BCS should be expected over the next 2 decades.
Based on the results of our observations of their bycatch in 2005 and 2006, one of the fishing fleets we observed (Santa Rosa) retired their bottom-set longline gear from the loggerhead high-use area prior to their 2007 season (Rodgers 2008) , potentially sparing hundreds of loggerhead individuals from bycatch in 2007 alone. This extraordinary conservation action resulted from at least 2 factors: (1) perceived decreases in the profitability of the fleet's longlines and (2) increased awareness of the Pacific-wide impacts of their local bycatch due to outreach programs conducted with the Grupo Tortuguero at Santa Rosa from 2005 to 2007, including direct participation in this research (Peckham et al. 2007a,b) . The action of the leaders of this fleet may serve as an example for both fishers and conservation practitioners alike.
Conservation action by state and federal agencies is urgently needed to reduce bycatch and hunting at the loggerhead high-use area off the Pacific coast of BCS. Mexico is recognized worldwide for its successful protection of assorted migratory species and it has established marine protected areas along the Baja California peninsula. A proposed Mexican federal refuge managed in partnership with local fishing leaders could ensure that both fishers' livelihoods and loggerheads are conserved through sustainable fishing practices in the loggerhead high-use area (Peckham et al. 2007a) . Though the high-use area is well defined, additional, higher precision tracking could enable identification of critical habitat within the high use area (Schofield et al. 2007) . Further research should focus on (1) quantifying bycatch in other small-and industrial-scale fleets that fish the loggerhead highuse areas; (2) determining cause of death of loggerhead carcasses through full necropsies; (3) monitoring trends in bycatch, strandings, and relative abundance in the region; and (4) assessing sightability and abundance, and incorporating the results reported here to derive survivorship rates of loggerheads at BCS. Given the response of the Santa Rosa fleet to their involvement in our participatory research (Rodgers 2008) , fur-ther work should be conducted in partnership with local fisher leaders to continue to engage them in developing locally sustainable conservation solutions.
